Introduction
Nanoparticles are important materials for fundamental studies and diversified technical applications, because of their size-dependent properties or highly active performance due to the large surface areas; but when pure nanoparticles are used alone, they present some common problems, eg, agglomeration between nanoparticles. 1 To overcome agglomeration, preparation of nanoparticles based on clay compounds, in which nanoparticles are supported within the interlamellar spaces of clay and/or on its external surfaces, is one of the most effective solutions. [2] [3] [4] Synthesis of metal nanoparticles on solid supports such as smectite clays is a suitable way to prepare practically applicable supported particles as well as to control the particle size. Smectite clays have excellent swelling and adsorption ability, which is especially interesting for the impregnation of antibacterial-active nano-size metals in the interlamellar space of clay. 5, 6 Montmorillonite (MMT) as lamellar clay has intercalation, swelling, and ion exchange properties. Its interlayer space has been used for the synthesis of material and biomaterial nanoparticles.
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The silver nanoparticles (Ag NPs) deposited on inorganic substrates, such as TiO 2 10 and phyllosilicates such as MMT, [11] [12] [13] kaolinite, 14 and synthetic layered silicate such as laponite, 15 have also been used as carriers for Ag/nanocomposites. For the synthesis of Ag NPs in the solid substrate, AgNO 3 is often used as the primary source of Ag + . Among the numerous ways of Ag + reduction are: γ-ray, 16 UV, 17 or laser irradiations, 18 heating, 19 electrochemical reduction, 20 application of reducing chemicals, such as hydrazine, 21 sodium borohydride, 14 glycerol, 12, 22 N,N-dimethylformamide, 23 glucose, 24 ethylene glycol, 25 formaldehyde, 26 and sodium in liquid ammonia. 27 The investigation of the antibacterial activity of Ag NPs has regained importance due to increasing bacterial resistance to antibiotics. 28 The interactions of Ag NPs with bacteria depend on the size and shape of the nanoparticles, but the bactericidal mechanism of Ag NPs is not clear. 29 The antibacterial activity of the Ag NPs can be used in several medical applications, for example, to reduce infections in burn treatment, 30 and human skin.
31,32
Based on our previous work, therefore, Ag NPs in the interlayer space of MMT were synthesized according to two different methods, the chemical and physical reduction techniques, using β-D-Glucose, 33 NaBH 4 , 34,35 UV, [36] [37] [38] and γ-irradiation 39 methods as the reducing agents. In this study, the different-sized Ag NPs were synthesized in the lamellar space of the MMT in the aqueous solution, by changing the initial concentration of Ag + ions at room temperature. We used the MMT as the protective colloid preventing the Ag NPs from aggregation, and found that MMT also assisted in the chemical reducing process of silver. In addition, the antibacterial activities of AgNO 3 /MMT and Ag NPs formed in the lamellar space of MMT were investigated and compared with one another. By this method we were able to obtain Ag NPs with different sizes and dissimilar antibacterial activities.
Experimental chemicals
All reagents in this work were of analytical grades and used as received without further purification. AgNO 3 (99.98%) was used as the silver precursor, which was obtained from Merck (Germany). MMT powder, used as a solid support for Ag NPs, was purchased from Kunipa-F (Japan), whereas the NaBH 4 (98.5%) and HNO 3 (.90%) were used as reducing and digestion agents obtained from Sigma-Aldrich (St Louis, MO). All the aqueous solutions were prepared in double distilled water.
Synthesis of Ag/MMT nanocomposites (Ncs) by using NaBh 4 For the synthesis of Ag/MMT NCs, the silver contents of the samples were 0.5 (S1), 1.0 (S2), 1.5 (S3), 2.0 (S4), and 5.0 g (S5) Ag/100 g MMT. Constant amounts of MMT were suspended in different volumes of 1 × 10 −3 M AgNO 3 solution and stirred for 24 hours at room temperature to obtain the AgNO 3 /MMT suspension and completed cation exchange. A freshly prepared NaBH 4 (4 × 10 −2 M) solution was then added to the suspensions under continuous stirring to reach a constant AgNO 3 /NaBH 4 molar ratio (1:4) . After the addition of the reducing agent, stirring continued for a further hour. The suspensions of Ag/MMT NCs obtained were then centrifuged at 15,000 rpm for 20 minutes, and the precipitates washed 4 times using double distilled water in order to remove the silver ion residue, and dried overnight at 40°C under vacuum overnight.
characterization methods and instruments
The UV-visible spectra were recorded over the range of 300-700 nm by utilizing the Lambda 25-Perkin Elmer, UV-visible spectrophotometer. The structures of the produced Ag/MMT NCs were examined using Shimadzu PXRD-6000, powder X-ray diffraction. The changes in the interlamellar spacing of MMT and Ag/MMT NCs were also studied by utilizing PXRD in the angle range of 2°, 2θ , 12°. In addition, the interlamellar spaces were calculated from the PXRD peak positions using Bragg's law. A wavelength (λ) of 0.15418 nm was used for these measurements. The PXRD patterns were recorded at a scan speed of 2 min -1 . Moreover, TEM observations were carried out on a Hitachi H-7100 electron microscope and the particle size distributions were determined using the UTHSCSA Image Tool version 3.00 program. SEM was performed using the Philips XL-30 instrument to study the morphology of MMT and Ag/MMT NCs (S2, S4, and S5). EDXRF was carried out on a Shimadzu EDX-700HS spectrometer. In order to determine the approximate efficiency for each Ag/MMT NCs (S1-S5), the ICP-OES analyzer was used in this study. A modified digestion method was used to quantify the amount of Ag NPs conversion to Ag + in the MMT. An air-dry mass of each Ag/MMT NCs was submerged in a solution of 10 mL of pure reagent grade nitric acid and 10 mL of double distilled water. After the observed glass containers were placed over the digestion beakers, the solutions were heated to approximately 80°C for 15 minutes and allowed to react. The digestion solutions were allowed to cool to room temperature and then
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Antibacterial behavior of silver nanoparticles filtered through a glass fibre filter (Qualitative #2, Whatman) and diluted in 100 mL in volumetric flasks. 40 The elemental analysis of as-synthesized Ag NPs was quantified by using an inductively coupled plasma-optical emission spectrophotometer (ICP-OES) model Perkin Elmer-Optima 2000DV. Meanwhile, the FT-IR spectra were recorded over the range of 400-4000 cm −1 utilizing the Series 100 Perkin Elmer FT-IR 1650 spectrophotometer. After the reactions, the samples were centrifuged with a high-speed centrifuge machine (Avanti J25, Beckman).
evaluation of antibacterial activity
The in vitro antibacterial activity of the samples was evaluated according to the disc diffusion method using Mueller-Hinton agar (MHA) with determination of inhibition zones in millimetres, which conformed to the recommended standards of the National Committee for Clinical Laboratory Standards (NCCLS; now renamed the Clinical and Laboratory Standards Institute, CLSI, 2000). Escherichia coli (ATCC 25922), E. coli O157:H7 (ATCC 43895), Klebsiella pneumoniae (ATCC 13883), Staphylococcus aureus (ATCC 25923), and methicillin-resistant S. aureus (MRSA) (ATCC 700689) were used for the antibacterial effect assay. Briefly, the sterile paper discs (6 mm) impregnated with 20 µL of Ag/MMT NCs (S2, S4, and S5) with different treatment times were suspended in the sterile distilled water and left to dry for 24 hours at 37°C in a sterile condition. The bacterial suspension was prepared by making a saline suspension of isolated colonies selected from the 18 to 24 hours of tryptic soy agar plate. The suspension was adjusted to match the tube of 0.5 McFarland turbidity standard using the spectrophotometer of 600 nm, which is equal to 1.5 × 10 8 colony-forming units/mL. The surface of MHA was completely inoculated using a sterile swab, steeped in the prepared suspension of bacterium. Finally, the impregnated discs were placed on the inoculated agar and incubated at 37°C for 24 hours. After incubation, the diameter of the growth inhibition zones was measured. Chloramphenicol (30 µg) and cefotaxime (30 µg) were used as the positive standards in order to control the sensitivity of the bacteria. All tests were done in triplicate.
Results and discussion
To prepare the stable Ag NPs via the chemical reducing method, the choice of a suitable stabilizer and reducing agent was important. In this research, MMT suspension was used as the appropriate support for reducing AgNO 3 /MMT suspension using NaBH 4 as the strong reducing agent according to Equation (1) as follows. 41 Ag
The surfaces of MMT suspension assist the Ag NPs nucleation during the reduction process. The schematic illustration of the synthesis of Ag/MMT NCs from AgNO 3 /MMT suspension produced by using sodium borohydride is shown in Figure 1 . Meanwhile, as shown in Figure 2 , the AgNO 3 / MMT (S0) was colorless, but after the addition of the reducing agent to the suspensions, they turned light brown (S2), brown (S4), and dark brown (S5), indicating the formation of Ag NPs in the MMT suspensions. The formation of Ag NPs was also followed by measuring the surface plasmon resonance (SPR) bands of the AgNO 3 /MMT and Ag/MMT NCs suspensions at a wavelength of 300-700 nm (Figure 2 ). Comparing the PXRD patterns of MMT and Ag/MMT NCs (S1, S2 and S5), in the small-angle range of 2θ (2° , 2θ , 12°), indicated that the intercalated Ag NPs formed between adjacent MMT lamellar layers were smaller, but that 
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Shameli et al most of the Ag NPs were formed at the MMT suspension interface ( Figure 3 ). In addition, the PXRD patterns in the wide-angle range of 2θ (30° , 2θ , 80°) were also employed to determine the crystalline structures of the synthesized Ag NPs (Figure 4 ). The TEM images and their size distributions of Ag NPs showed that the mean diameter of the nanoparticles ranged from about 4.19 to 8.53 nm ( Figure 5 ). As shown in Figure 6 , the SEM images indicated that there were no structure changes between the initial MMT and Ag/MMT NCs (S2, S4, and S5). Additionally, the EDXRF spectra for the MMT and Ag/MMT NCs confirmed the presence of elemental compounds in MMT and Ag NPs with no other impurity peaks ( Figures 6B and F) . The chemical structures of MMT and Ag/MMT NCs were analyzed by using FT-IR spectroscopy ( Figure 7 ). The approximate efficiency gradually increased from S1 to S5, respectively ( Table 1 ). The antibacterial studies showed comparatively similar effects for all samples as indicated by the inhibition zone test between MMT, AgNO 3 /MMT, and Ag/MMT NCs against different bacteria ( Figure 8 , Table 2 ).
UV-visible spectroscopy
The color of AgNO 3 /MMT suspensions through the reducing process using NaBH 4 changed from colourless, (S0) to light brown, brown, and finally dark brown (S2, S4 and S5) respectively, which indicated the formation of Ag NPs in the MMT suspension. The silver SPR bands were detected around 400 nm (Figure 2 ). These absorption bands were assumed to correspond to the Ag NPs smaller than 10 nm. 42 While there was no UV-visible absorption of Ag NPs before the addition of NaBH 4 in S0 (Figure 2 ), the growth of the plasmon peak at 396 nm indicated the formation of Ag NPs in S1. Furthermore, the gradual increase in the AgNO 3 concentration from S1 to S4 also increased the corresponding peak intensities in the range of wavelength from 398 to 400 and 2 Theta (degrees) 
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Antibacterial behavior of silver nanoparticles 402 nm respectively. In S5, the absorption peak due to SPR of Ag was slightly red-shifted to higher wavelength (406 nm), which indicated the increase in the size of Ag NPs.
43
Powder X-ray diffraction
As shown in Figure 3 , the original d-spacing of MMT, 1.24 nm, and in Ag/MMT NCs (S2, S4 and S5), was increased to 1.27, 1.30, and 1.47 nm respectively at 2θ angles of 7.12° to 7.01°, 6.79°, and 6.42° respectively. These d-spacing values were direct proof that very small numbers of Ag NPs might be intercalated between adjacent MMT lamellar layers. Therefore, the Ag NPs formed at the latter location were the cause of the increase in basal spacing. In these samples, the intensities of the reflections were significantly lower, whereas their half-widths were larger than those of undoped clay minerals, whereby the highly ordered parallel lamellar structure of the mineral were disrupted by the metal nanoparticles formation. 14 In addition, all the Ag/MMT NCs (S1-S5) had 
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Antibacterial behavior of silver nanoparticles The experiments were repeated three times and averaged to give the data in Table 1 ; b The data were obtained by multiplying the absorbance of the corresponding diluted solutions by their dilution factors when diluted solutions were used for the data; Ag/MMT (S2, S4, and S5) are presented in Figure 6 . The surface morphology of MMT demonstrates a layered surface with some large flakes, which is a typical structure for MMT ( Figure 6A and B) . The exterior morphology for Ag/MMT NCs, show layered surfaces with large flakes and without signif icant morphological differences between them ( Figures 6A, B, and C) . Figure 6B , shows the EDXRF spectra for the MMT; the peaks around 1.7, 2.7, 2.9, 3.7, 4.0, 4.5, 6.4, and 7.1 keV are related to the binding energies of MMT. In Figure 6F , the peaks around 1.3, 3.1, 3.3, and 3.4 keV are related to silver elements in the S2, S4, and S5. 46 Additionally, the EDXRF spectra for the MMT and Ag/MMT NCs confirmed the presence of elemental compounds in the MMT and Ag NPs without any impurity peaks. Figure 6F demonstrates that with the increased percentages of Ag NPs in MMT (1%, 2%, and 5%), after reduction, the intensity of Ag NPs peaks in the EDXRF spectra increased. The results indicate that the synthesized NCs were composed of high purity Ag NPs.
FT-Ir chemical analysis
The FT-IR spectrum of MMT (Figure 7) showed the vibration bands at 3633 cm due to (Al, Mg)-OH vibration modes, and 527 and 446 cm −1 for Si-O bending. 47 As shown in Figure 7 , there were not many changes in the spectra of Ag/MMT NCs compared with MMT and peaks in S2, S4, and S5 shifted to lower wave numbers. The FT-IR spectra demonstrated the inflexibility of silicate layers and non-bond chemical interface between the silicate layers and Ag NPs in Ag/ MMT NCs (S2, S4, and S5). These results confirmed that with the increased amounts of Ag NPs in the Ag/MMT NCs due to the existence of van der Waals interactions between the oxygen groups of MMT and Ag NPs, peak areas shifted to low wave numbers and the intensity of peaks appearing in the range of 1459, 1452, and 1448 cm −1 increased. Inductively coupled plasma-optical emission spectroscopy
After detecting the Ag + ions by using the ICP-OES spectroscopy, with the increased concentration of AgNO 3 in MMT matrices and then the reduction by the reducing agent, the approximate efficiency gradually decreased from 98.04 to 96.23, 95.40, 89.24, and finally 85.57 (%) after S1, S2, S3, S4, and S5, respectively ( Table 1) . The results from the ICP-OES analysis using a strong reducing agent, confirmed the formation of Ag NPs in MMT, which produced high yields.
Antibacterial activity
Inhibition zone values were obtained for the synthesized AgNO 3 /MMT suspension and Ag/MMT NCs (S2, S4, and S5) tested against E. coli, E. coli O157:H7, K. pneumoniae, S. aureus, and MRSA. The results and images of inhibition zones are presented as the average values in Table 2 and Figure 8 , respectively. Table 2 shows that the AgNO 3 and Ag NPs in MMT suspension gave high and similar antibacterial activity against Gram-negative and Gram-positive bacteria. Because of their size, Ag NPs can easily reach the nuclear content of bacteria and they present a large and impressive surface area, enabling broad contact with bacteria. 48, 49 This could be the reason why they give the best antibacterial effect. For solid support systems, some researchers have argued that Ag + ions released from the surface of Ag NPs are responsible for their antibacterial activity. 50, 51 For aqueous phase systems, the results show that the antibacterial test of Ag + ions is high at the concentration levels reached by releasing, and that the presence of Ag NPs is very important, which reinforces the idea that the larger the surface area the stronger the antibacterial activity. 52 The diameters of inhibition zone in the agar plate are given in mm. The tests were repeated three times for each treated sample, and the results are presented in Table 2 . The suspension of MMT (10 mg/mL), showed no antibacterial activity. The AgNO 3 /MMT suspension for all tested bacteria showed high antibacterial activity and, interestingly, these effects in the Ag/MMT NCs (S2, S4 and S5) were increased with the decreasing size of Ag NPs. Although other analysis in this study showed that in the Ag/MMT NCs (S2, S4 and S5) the amounts of Ag NPs present gradually increased, and that higher Ag NPs loadings do not lead to superior antibacterial activity.
Conclusion
The Ag NPs were successfully prepared from the AgNO 3 / MMT suspension at the different AgNO 3 concentration by using sodium borohydride at room temperature. The surface of MMT fostered the nucleation of Ag NPs during the reduction process. A small number of Ag NPs intercalated between bordering MMT lamellar layers, but the majority of the Ag NPs indicated by the PXRD signal, and that appeared in the TEM, form simply at the outer surface of MMT layers. The distribution size of Ag NPs indicated that larger particle sizes of Ag NPs were obtained when the concentration of Ag + ions increased. The average sizes of the Ag NPs were around 4.19, 6.74, and 8.53 nm for S2, S4, and S5, respectively. The interlayer spaces of MMT were increased and shifted at low 2θ angles for Ag/MMT NCs, which confirmed the intercalation structures. Moreover, the PXRD analysis confirmed that the crystallographic planes of the silver crystal were the fcc types. The UV-visible absorption spectra showed the peak characteristic of the SPR bond of Ag NPs. SEM images show that the external morphology for MMT and Ag/MMT NCs illustrate layered surfaces with large flakes, and with no noteworthy morphological distinctions between them. EDXRF spectra confirmed the presence of elemental compounds in the MMT and Ag NPs with no contamination peaks. The antibacterial activities of Ag/MMT NCs at the different particle size of Ag NPs showed antibacterial activity against the Gram-negative and Gram-positive bacteria. These results show that the antibacterial resistance of Ag NPs in MMT can be modified with the size of Ag NPs, and decreases with the increase in particle size. Needless to say, further studies are required to investigate the biological effects of Ag/MMT NCs on the types of bacteria, in order to extend this subject area.
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